To explain the inelastic feature at 4.5 eV in the spectrum of water and to study its spectrum in some detail, we have carried out several calculations on the excited states of water using the equations-of-motion method. We conclude that the calculated vertical excitation energy of 6.9 eV for the 3 B 1 state corresponds to the strong feature at 7.2 eV observed in low-energy electron scattering spectrum. The 4.5 eV inelastic process almost certainly does not correspond to a vertical excitation of water at the ground state geometry. The other excitation energies and oscillator strengths agree well with experiment.
I. INTRODUCTION
Despite the importance of the water molecule there is considerable question as to the location, intensities, and nature of transitions to its lower excited electronic states. A recent study by Claydon, Segal, and Taylor   1 which combined available experimental evidence with the suggestions of semiempirical calculations provided a consistent interpretation of the facts known at the time. Even more recently, however, Knoop, Brongersma, and Oosterhoff 2 and Trajmar et al. 3 have reported electron impact spectra of H 2 0 which raise a serious question as to the nature of the inelastic process observed by many workers at 4. 5 eV in H 2 0. Despite the fact that the calculation of the excitation energy to the lowest triplet state of a molecule should be straightforward, the calculations reported in the literature 1 all find the 3 B 1 state to be the lowest excited state of H 2 0 and to have a vertical excitation energy above 6 eV. Moreover there are no reliable or extensive calculations of the oscillator strengths for the several dipole-allowed transitions below 10 eV. These quantities are needed in the analysis of the relative intensities of several transitions observed in the electron impact spectrum of water. 4 In view of this discrepancy and the questions raised by recent electron impact spectra of Hz02.3 and in order to provide reliable estimates of the oscillator strengths of several transitions, we have carried out an extensive calculation of the excited state manifold of H 2 0 at the vertical geometry using the equations-of-motion method. 5 One of our conclusions from this study is that the vertical excitation energy to the 3 B 1 state is in the vicinity of 6. 9 eV and almost certainly corresponds to the strong feature at 7. 2 eV observed by Knoop et al. 2 in their low-energy electron scattering spectrum. The triplet character of the feature at 7. 2 eV is also supported by the electron impact spectra of Trajmar et al.
The 4. 5 eV inelastic process almost certainly does not correspond to a vertical excitation of H 2 0 in the ground state geometry. The experimental evidence regarding the existence of an inelastic feature at 4. 5 eV seems unambiguous6 and to put this problem into perspective we shall begin by considering the experimental evidence 
II. EXPERIMENTAL EVIDENCE FOR STATES AT 4.5 AND 7.2-7.5 eV
Until recent low-energy electron impact spectra were reported 2 • 3 • 6 there was a real question as to the nature and existence of the inelastic feature at 4. 5 eV in the spectrum of water. The feature is extremely weak and has never been observed in the gas phase optical spectrum. However, Larzal et al. 7 observed weak absorption at 4. 5 eV using an 80 em path length of liquid water. This process presumably corresponds to the structure at 4. 0 ±0.1 eV reported by Hunter, Lewis, and Hamill 8 in their low-energy electron reflection spectra of a thin film of ice at 77 °K. These authors 7 • 8 attribute their observation to absorption to the 3 B 1 state of water, presumably in the Franck-Condon region. No structure was observed at lower energy. 7 • 8 This absorption observed in condensed phases could conceivably be due to a number of causes other than excitation to an excited state of H 2 0. In particular, dimer absorption or absorption due to OH radicals formed through radiation damage are possible, although the dissociation energy for the process H 2 0-H( Hamill and co-workers 9 • 10 have, however, provided additional, but indirect and inconclusive evidence for the existence of a state around 4. 5 eV. By electron impact on alcohols a water fragment can be formed in an excited state. For example, for ethanol, e-+C 2 H 5 0H-C 2 H4+H 2 0 + 2e-.
The ionization efficiency curve for C 2 H4 from ethanol exhibited several "breaks" which occur at the same energy intervals as those for C 2 H4 from ethane and ethylene, but 4. 3 eV above the onset for this process there was an additional break in the efficiency curve. At the onset of the process, H 2 0 in its ground state was formed, but at 4. 3 eV above onset excited state water can also be formed so that an upward break in the efficiency curve is produced by an additional channel for C 2 Hr generation. Lewis and Hami11 11 have also reported that this process occurs for the cyclic alcohols c -C 5 H 9 0H and c-C 6 H 11 0H to produce water and C 5 Ws and C 6 Hi 0 , respectively. By methods similar to those used for ethanol, Lewis and Hamill 11 found and extra "break" in the efficiency curves at 4. 3 and 4. 5 eV for c -C 5 H 9 0H and c-C 6 H 11 0H, respectively. These experiments offer supplementary evidence for a value of the lowest singlet-triplet excitation energy of about 4. 5 eV. It is important to realize that in the case of H 2 0 being formed as a neutral fragment of the electron impact on alcohols, the value measured might represent a minimum (or nonvertical) transition energy rather than a transition determined by Franck-Condon factors.
More definitive data for the existence of the inelastic feature at 4. 5 eV are provided by low-energy electron impact spectra since the cross section for excitation of triplet states is considerably enhanced under these conditions. These cross sections also have a distinctive angular distribution. The 4. 5 eV feature is weak in these spectra. Schulz 12 observed an energy loss process with an onset of about 3. 4 eV with the trapped electron method. A threshold electron impact spectrum using SF 6 as a scavenger 13 was similar to Schulz's spectrum except that the low-energy electron loss feature was observed to have an onset at 4. 4 eV. Raff 14 observed the feature on electron impact with 30 eV electrons while Lassettre 15 did not observe this feature in the electron impact spectrum at low scattering angles and impact energies above 100 eV. However Lassettre 16 did observe very weak scattering with an onset of about 4. 4 eV in another spectra at low scattering angles and impact energies between 30 and 60 eV. 16 From their trapped electron spectrum of water, Azria and FiquetFayard17 concluded that the 4. 5 eV energy loss feature is due to contamination, but the preponderance of evidence is clearly against this conclusion. From a study of the pressure and primary beam dependence of the trapped electron current Knopp has shown that it is very unlikely that the 4. 5 eV feature could be due to excitation of OH radicals or molecular complexes of water. 18 More detailed and convincing data are provided by the work of Trajmar and co-workers. 3 • 6 They have shown that the differential cross section of electrons inelastically scattered with an energy loss of 4. 5 eV is consistent with a singlet-triplet transition. Their studies also rule out any contribution to this feature from water dimers or hot bands. In more recent spectra at very low impact energies Trajmar 6 has also observed the 4. 5 eV feature with a very enhanced cross section and also a transition at 7. 2 eV with the characteristics of a singlet-triplet transition. Finally, Knopp et al. 2 recently reported a low-energy electron impact spectrum taken by the double retarding potential difference method. They observed the 4. 5 eV inelastic feature and, more interestingly, also found a strong transition peaked at 7. 2 eV which is distinct from the 7. 5 eV ( 1 B 1 ) feature and which they assign as due to the 3 B 1 or 3 A 2 state. They did not find a peak at 7. 5 eV for the cross section, for singlets are low in their method. This is the current experimental situation on the transitions in H 2 0 at 4. 5 and also 7. 2 and 7. 5 eV. We now discuss our calculations on the spectra of the water molecule from which we will assign the transition at 7. 2 eV as the vertical excitation to the 3 B 1 state. Our results also show that there is no vertical excitation energy at the ground state geometry in this molecule around 4. 5 eV.
Ill. THEORY
We have used the equations-of-motion method to calculate the excitation energies and oscillator strengths for several transitions in the water molecule. The equations-of-motion method is an approach for the direct calculation of the properties of physical interest in spectroscopy, e. g., excitation energies and intensities. By using a theory specifically designed for studying these relative properties one can avoid many of the difficulties involved in obtaining highly accurate values for absolute quantities such as the total energies. We have discussed this method in recent papers 5 • 19 and here we will give only a very brief summary of the theory. It can be shown that the operator 0~ which generates an excited state I X) from the ground state, i.e., I X) = 0~ I 0), is exactly a solution of the equation of motion, 20 where 00~ is a variation of the amplitudes specifying o; and w~ the excitation frequency. The double commutator is defined as
2[A, B, C] =[[A, B]C] +[A, [B, C]] .
(1) (2) We have derived various approximations to the solution of Eq. (1). 5 • 19 If 0~ is restricted to single particle-hole (lp-1h) form, Eq. (1) becomes
where the elements of A, B, and D are defined in Ref. 5 and Y(X) and Z(X) are the amplitudes of o;. We have also derived perturbationlike schemes for solving Eq.
(1) including both 1p-1h and 2p-2h operators. 19 At this level of approximation we have obtained accurate excitation energies and oscillator strengths for transitions in N2' 21 CO, 21 CzH4' 21 H2CO, 22 C02' za and C Jia . 24 We now discuss the application of this method to the spectrum of the water molecule.
IV. RESULTS

The electron configuration of the ground state of water is
In an equations-of-motion calculation one first carries out a self-consistent field calculation on the ground state of the molecule to generate a particle-hole basis. We have used the currently accepted ground state experimental geometry 25 and carried out calculations 26 using different basis sets to study the effect of the composi-tion of the orbital basis on the excitation energies and/ values. We will refer primarily to the results obtained in the largest basis but will also discuss the results in other basis sets whenever the differences in the results illustrate some important feature. For this largest basis we used a [3s2p/1s] valence basis contracted from a (7s3p/3s) Gaussian basis 27 to which we added a diffuse s function with an orbital exponent of 0. 038 on each hydrogen and two s functions with exponents of 0. 089 and 0. 022 and two sets of p functions also with exponents of 0. 089 and 0. 022 on the oxygen center. Polarization functions have been shown to be important in ground state SCF calculations on water 28 and hence we added to our basis a contracted set of d-polarization functions on oxygen with exponents of 1. 322 and 0. 3916 and coefficients 0. 3579 and 0. 7596, respectively, and a set of ppolarization functions, on hydrogen with an exponent of 1. 16. Another calculation was done with this same basis but from which the polarization functions were deleted. The differences in the results of the two calculations are not very significant but may amount to 0. 3-0. 5 eV in the excitation energies to some states. In the calculations, all molecular orbital levels except the highest particle state and the lowest hole state are included.
29 Table I shows the excitation energies for ten transitions in water along with the oscillator strengths for the four dipole-allowed transitions. These are results of the calculation using the 1p-1h plus 2p-2h (1p-1h + 2p-2h) approximation 19 to the solution of the equation of motion, Eq. (1), and the basis set containing the polarization functions. The lowest calculated vertical excitation energy is about 6. 9 eV and is to the As expected, the excitation energies obtained from the calculations without the polarization functions are very close to those in Table I for transitions to states which are primarily excitations out of the lb 1 orbital. This is because the lb 1 orbital is almost the oxygen 2px orbital which is relatively nonbonding. However the excitation energies to states which arise primarily from an excitation out of the 3a 1 bonding orbital are all about 0. 3-0. 4 eV lower than those of Table I .
CONCLUSIONS
The available experimental evidence for the existence of an inelastic feature at 4. 5 eV in the spectrum of water is very convincing. To explain the nature of this process and to study the spectrum of water in some detail we have carried out several calculations on the excited states of water at the vertical geometry using the equations-of-motion method. 5 We conclude that our calculated vertical excitation energy of 6. 9 eV for the 3 B 1 state corresponds to the strong feature at 7. 2 eV observed by Knoop et al. 2 in their low-energy electron scattering spectrum. The 4. 5 eV inelastic process almost certainly does not correspond to a vertical excitation of 
